Promising cold physical plasma sources have been developed in the field of plasma medicine. An important prerequisite to their clinical use is lack of genotoxic effects in cells. During optimization of one or even different plasma sources for a specific application, large numbers of samples need to be analyzed. There are soft and easy-to-assess markers for genotoxic stress such as phosphorylation of histone H2AX (gH2AX) but only few tests are accredited by the OECD with regard to mutagenicity detection. The micronucleus (MN) assay is among them but often requires manual counting of many thousands of cells per sample under the microscope. A high-throughput MN assay is presented using image flow cytometry and image analysis software. A human lymphocyte cell line was treated with plasma generated with ten different feed gas conditions corresponding to distinct reactive species patterns that were investigated for their genotoxic potential. Several millions of cells were automatically analyzed by a MN quantification strategy outlined in detail in this work. Our data demonstrates the absence of newly formed MN in any feed gas condition using the atmospheric pressure plasma jet kINPen. As positive control, ionizing radiation gave a significant 5-fold increase in micronucleus frequency. Thus, this assay is suitable to assess the genotoxic potential in large sample sets of cells exposed chemical or physical agents including plasmas in an efficient, reliable, and semiautomated manner. Environ. Mol. Mutagen. 59:268-277, 2018. 
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INTRODUCTION
The micronucleus (MN) test is an assay accredited by the Organization for Economic Development (OECD) [OECD, 1983] . It relies on the detection of gross chromosomal aberrations formed from fragmented or lagging chromosomes that arise in genetically injured cells. Upon DNA damage, double-strand breaks (DSB) can occur. If these breaks persist either due to their large number, defective DNA repair machinery, and/or the cells' inability to undergo apoptosis in response to DNA damage, Grant sponsor: Bundesministerium f€ ur Bildung und Forschung; Grant number: 03Z22DN11. *Correspondence to: Sander Bekeschus. E-mail: sander.bekeschus@inp-greifswald.de DSB can lead to MN formation during the anaphase of cell cycle [Fenech, 2006] . To identify cells that have divided after treatment, essential to avoid false negative results, cell cycling is pharmacologically inhibited at that stage (cytokinesis block), and the number of MN is determined in binucleated cells (BNC) only . This is often done manually under a microscope, counting at least 1000 BNC per sample [Fenech, 2000] . High-throughput cell analysis and subsequent computer-assisted quantification would speed up MN quantification and reduce manual errors.
Cold physical plasmas are partially ionized gases operated at body temperature. These plasmas are multicomponent systems producing radiation (visible light, UV), reactive oxygen and nitrogen species (ROS/RNS), ions and electrons, electromagnetic fields, and heat . All mentioned components can be tailored by the operating parameters such as voltage, current, gas, and geometry. Promising applications of cold plasma with increasing importance are dermatology [Emmert et al., 2013] and veterinary medicine . Three plasma devices have received accreditation as medical device based on clinical observations with chronic wounds. Cold plasmas are currently used in addition to standard of care treatment (e.g., debridement), and induces healing in wounds that failed responding to multiple other therapies [Emmert et al., 2013; Ulrich et al., 2015] . Enhanced wound healing was also shown in numerous animal studies [Garcia-Alcantara et al., 2013; Shao et al., 2016; Schmidt et al., 2017b] . Cold plasmaderived ROS/RNS are hypothesized to play a major role in these processes [Arndt et al., 2013a; Ngo Thi et al., 2014; Xu et al., 2015] . Plasma research underlines the importance of redox control of wound healing, a concept long known in the field of redox biology [Sen, 2003; Sen and Roy, 2008; Sen, 2009] . Great efforts are currently made extending the range of plasma applications with different devices. This includes blood coagulation [Amritkar et al., 2013; Aleinik et al., 2017; Miyamoto et al., 2017] , ophthalmology [Rosani et al., 2015; Ye et al., 2015; Recek et al., 2016] , oncology [Ye et al., 2015; Mirpour et al., 2016; Binenbaum et al., 2017] , and various diseases in dermatology [Daeschlein et al., 2010 [Daeschlein et al., , 2011 Klebes et al., 2014] . Addressing not only the efficacy but also safety of different plasma sources or their optimum operational settings, genotoxic testing is indispensable.
Previous work suggested application specific feed gas tuning to optimize desired plasma effects as one easy changeable parameter . The main plasma parameters driving these changes are ROS/RNS whose quantity and distribution change via alterations of the feed gas, the surrounding ambient gas, or change of the dissipated power [Schmidt-Bleker et al., 2016] . This can differentially affect human skin cells [Schmidt et al., 2017a] . Furthermore, addition of oxygen to a helium plasma jet facilitates killing of monocytic leukemia cells otherwise resistant to other feed gas settings [Bekeschus et al., 2017] . For bacterial inactivation in suspension, it was found that both oxygen and nitrogen need to be present either in the feed gas or in the ambient air surrounding the plasma jet . In this work, a lymphocyte cell line was treated with the atmospheric pressure argon plasma jet kINPen operated with nine different feed gas compositions. Moreover, air was used as feed gas. After treatment, cells were analyzed for MN formation. This was facilitated in a semi-automated manner using image flow cytometry. This method may enhance speed and reliability for safety testing of plasma sources for new applications as well as other agents or physical technologies directed at medical intervention.
MATERIALS AND METHODS

Plasma Source and Setup
The atmospheric pressure plasma jet kINPen was tested. Is it homologous to the kINPen MED (neoplas tools, Germany) certified as a medical device but with minor modifications allowing for example for a feed gas-only operation mode to control for effects of the gas alone. It was operated at a feed gas flow rate of 4 standard liters of argon (99.9999%; Air Liquide, France) per minute. Argon gas was used either dry or humidified (200 ppm). Admixtures to the argon gas were nitrogen (20 ppm), oxygen (20 ppm), or oxygen and nitrogen (10 ppm each). In some experiments using a dedicated plasma device head, pressurized air (75% nitrogen, 25% oxygen) was used as feed gas. The feed gas composition was setup with flow controllers (MKS, Germany) calibrated to the specific gas and the range of gas flux. Only stainless steel and Teflon tubing was used, which are low in binding ambient air humidity that can lead to inconsistent results [Winter et al., 2013] . Optical emission spectroscopy (OES; Avantis, France) was performed (200-950 nm) to fingerprint species output with different feed gas conditions.
Treatment of Cells and Metabolic Activity
TK6 cells, a B lymphoblastoid cell line (ATCC CRL-8015), were used; 1 3 10 6 cells were seeded in 1 ml of RPMI1640 (PanBiotech, Germany) supplemented with with 10% fetal calf serum, 2% glutamine, and 1% penicillin/streptomycin (all Sigma, Germany), were seeded per well of 24-well plates (Nunc, Denmark). The treatment time for the MN assay for each feed gas condition was pre-determined by assessing cellular metabolic activity with resazurin 24 hr later. Metabolically active cells produce nicotinamide adenine dinucleotide phosphate (NADH 1 ) that converts resazurin to highly fluorescent resorufin, which is detectable with a microplate reader at k ex 530 nm and k em 590 nm (Tecan, Switzerland). Using linear regression, a treatment time was calculated for each gas condition that corresponded to 50% or less reduction in metabolic activity.
Image Flow Cytometry MN Assay
Twenty-four hours after plasma treatment, cytochalasin B (Sigma) was added to block cytokinesis. Cytochalasin B blocks monomer addition at the fast-growing site of actin thereby inhibiting network formation [Theodoropoulos et al., 1994] . This causes accumulation of BNCs; 24 hr later, cells were collected, washed with phosphate-buffered saline, fixed with 4% paraformaldehyde (Sigma), and lysed with 0.1% Triton X-100 (Sigma). Subsequently, cellular DNA was stained with DRAQ5 Environmental and Molecular Mutagenesis. DOI 10.1002/em (BioLegend, UK) and cells were subjected to image flow cytometry. Similar to flow cytometry, cells were aligned via hydrodynamic focusing and passed through several lasers with 908 light scattering being collected via an optical lens. However, fluorescent signal intensities per event (cell) are not integrated over the whole event culminating in a single data point but rather are displayed in spatial resolution (pixels) similar to microscopy. This allows combining the speed of flow cytometry (several thousand cells per second) and the power of spatial resolution (microscopy) for the identification of micronuclei. For each sample, at least 1 3 10 5 cells were acquired on an Amnis ImageStream Mark II (Merck-Millipore, USA) equipped with a 40 3 objective and an auto sampler running samples automatically from 96-well plates using Inspire Software (Merck-Millipore). The two channels collected were brightfield (BF) and DRAQ5. For the latter, a 638 nm laser (50 mW) was used at 1% power to avoid image saturation. Fluorescence emission was collected with a 660-745 nm bandpass filter. The BF bandpass filter was 430-480 nm. Speed beads (Merck-Millipore) were used to align optics, and to synchronize flow speed set to medium (5ml per minute). Unstained cells were used to compensate for spillover of light into either channel. Data analysis was performed with Ideas software (MerckMillipore).
RESULTS AND DISCUSSION
Optical Emission Peak Variations Correspond to Feed Gas Variation
OES was performed to monitor reactive species output with the different feed gas conditions (Fig. 1) . In general, small admixtures (0.25-0.50%) of nitrogen and/or oxygen were added to 3.8-4.0 standard liters of argon. Argon gas was either used dry (Fig. 1a) or was humidified before being excited as plasma (Fig. 1b) . Comparison between feed gas compositions was made using three important peaks/ranges: (i) 307 nm; (ii) 320-400 nm; (iii) 777 and Fig. 1 . OES of feed gas conditions. The atmospheric pressure plasma jet kINPen was operated using different feed gas conditions. OES was performed. Peak distribution from 200-950 nm and relative peak height is shown. Integration time was kept constant for all measurements. Arrows mark changes for the peak of hydroxyl radical at 307 nm (i), the second positive system of nitrogen (ii), and peaks of atomic oxygen at 777 and 845 nm (iii). 845 nm. Addition of nitrogen to argon, for example, enhanced the (ii) peaks when compared with argon gas alone. Addition of water to argon, for example, enhanced the (i) peak when compared with dry argon gas alone. Many other peaks varied between gas settings, including those at 750, 763, 772, 811, 826, and 912 nm. Spectra of plasmas ignited with dry or humidified synthetic air are not shown because of their particularly short plume barely extending beyond the jet nozzle.
Peaks correspond to emission of distinct radicals and molecules excited by the plasma. The 307 nm peak ( Fig.  1 mark i) delineates emission by hydroxyl radical [Hong et al., 2012] . It is known to be an important determinant of hydrogen peroxide (H 2 O 2 ) generation in plasma-treated liquids [Winter et al., 2014] . This long-lived oxidant acts as secondary messenger as well as toxic molecule in biological systems [Reth, 2002] . The peak intensities of the second positive nitrogen system ( Fig. 1 mark ii) correlate to the generation of nitrite and nitrate in the liquid . Together with superoxide produced by NADPH oxidase of some cells [Bedard and Krause, 2007] , bioactive nitrite can support formation of peroxynitrite [Millar, 2004] . Peroxynitrite is cytotoxic [Radi et al., 1991] and bactericidal [Zhu et al., 1992] , and can be formed in plasma-treated liquids [Bekeschus et al., 2014; Jablonowski and von Woedtke, 2015; Girard et al., 2016] . The peaks at 777 and 845 nm ( Fig. 1 mark iii) correspond to atomic oxygen [Ellerweg et al., 2010] . This atom takes part in formation of hypochlorous acid in solutions . Hypochlorous acid is formed during phagocytosis through enzyme mediation by myeloperoxidase, eosinophilic peroxidase, and superoxide dismutase and presents a physiologic bactericidal mechanism [Wang et al., 2007] to kill microorganisms inside the phagolysosome [Winterbourn et al., 2006] . Beside this, hypochlorite stimulate the wound healing [Hadi et al., 2007] . Due to quenching reactions, the given peak intensities were a semi-quantitative measure of total concentrations. Nonetheless, OES is a valid means to address several reactive plasma components known to emit light [Crintea et al., 2009] .
Determination of Treatment Time by Assaying Metabolic Activity
In 24-well plates, TK6 cells were exposed to plasmas generated with different feed gas conditions. Cells for incubated for 24 hr. Subsequently, the metabolic activity of each well was assessed and normalized to controls. Plasma treatment decreased the metabolic activity in a linear dose-response fashion (Fig. 2) . Humidified argon gas was more effective in reducing the metabolic activity compared to dry argon gas. This was established in preliminary experiments, resulting in an overall shorter treatment time with the humid feed gas conditions. For both dry and humid argon gas, admixture of nitrogen and/or oxygen gave a lower toxicity when compared with pure argon treatment alone. With both dry and humid conditions, a similar trend in toxicity was observed in the following order (toxicity decreasing): pure argon > 0.5% nitrogen > 0.5% oxygen > 0.25% oxygen 1 0.25% nitrogen. By contrast, and even for long plasma exposure times, the air-driven plasma did not compromise metabolic activity for up to 300 s of treatment (Fig. 2c) . From the results of metabolic activity for each feed gas (Table I) . Genotoxic testing, especially with regard to MN formation, requires the agent in question to cause modest cell toxicity, usually <50% [Clare et al., 2006] . Therefore, plasma effects on metabolic activity was assessed first, and for each feed gas condition a treatment time was calculated yielding a 40-49% decrease in total metabolism in each sample (Table I) . Humid argon feed gas was more toxic compared with dry argon, which corroborates previous results giving H 2 O 2 a central role in this observation [Winter et al., 2014] . Measureable hypochlorous acid chemistry as described before with a helium/oxygen plasma jet [Bekeschus et al., 2017] was not observed with the kINPen plasma source as investigated here (data not shown) and previously [Bekeschus et al., 2014; Wende et al., 2015] . A reduction in metabolic activity predominantly reflects a decrease in metabolically active cells, that is, number of fully viable cells or reversely the cytotoxicity. In a recent study, an increase of activity per cell could only be seen in highly robust THP monocytes after long treatment times [Bekeschus et al., 2016a] , unlikely relevant in lymphocytes are recently suggested [Bekeschus et al., 2013] . Thus, metabolic activity is a good indicator of cytotoxicity as previously demonstrated . Cold physical plasma can induce apoptosis [Kim et al., 2011a; Adachi et al., 2015] . Although a cell death program, apoptosis is an active process [Walker et al., 1987] , requiring cell metabolism to some extent [Holcik and Sonenberg, 2005] that may have contributed to the signals of the resazurin cell metabolic activity assay.
Image Flow Cytometry MN Assay Setup
With image flow cytometry, microscopic images of thousands of cells can be acquired within seconds. The aim was to identify and quantify MN within cells. Different parameters were collected and calculated to specifically gate on the population of interest as shown in the gating strategy. Example cells with gray scale BF and DNA fluorescence intensities are depicted above each plot (Fig. 3) . In the DNA (DRAQ5) and the BF channel, only focused cells were selected (Fig. 3a) . Next, doublet cells (cell aggregates) and strongly elongated cells/events were gated out (Fig. 3b) . From these round and single events, only those cells were kept for analysis that contained sufficient amount of DNA (Fig. 3c) . This was done to gate out late apoptotic cells with fragmented DNA similar to cell cycle analysis. Apoptotic cells are subject to membrane blebbing, increasing contrast BF values. In combination with the area threshold DNA dye intensity parameter calculating the largest DNA-containing area for each cell, apoptotic cells can be gated out (Fig. 3d) . The MN assay is carried out in cells that are blocked during cell division during the G2-phase of cell cycle and thus carry two nuclei (BNC). The spot count feature was used to identify the BNC population for further analysis (Fig.  3e) . Additionally, both nuclei should have similar size and staining intensities for DNA (Fig. 3f) as well as symmetry (Fig. 3g) . Subsequently, cells were not considered for final analysis that derived from coincidence events (Fig. 3h) , that is, two cells (two nuclei) that were close to each other at the time of image acquisition instead of two nuclei within a single cell. Finally, the spot count feature was used to identify micronuclei in cells, and the percentage of these cells among all BNCs was calculated (Fig.  3i) . To identify nuclei (and therefore BNCs) and micronuclei in this gating, so-called masks (important tools in image quantification) were developed to detect predefined DNA geometries (Fig. 4 ). An example cell with BF ( Fig.  4a) and DRAQ5 DNA-staining image (Fig. 4b) is shown. The software-specific default fluorescence mask was applied (Fig. 4c ) and further customized. The level set mask detects peak fluorescence signals to clearly distinguish both nuclei and the MN by neglecting nonspecific fluorescence (Fig. 4d) . The watershed mask created two nuclei by separating both adjunct nuclei (Fig. 4e) to generate the BNC mask. Subsequently, the comp1 (Fig. 4f) and comp2 ( Fig. 4g ) mask had identified both respective nuclei, and both masks was applied for the gating strategy (Figs. 3e-3g ). Another level set mask was set to optimize detection of MN (Fig. 4h) . From this mask, the comp1 (Fig. 4f) and comp2 (Fig. 4g ) was subtracted to detect final micronuclei (Fig. 4i) with a fluorescence regions of a maximum size of 50 pixels (12.5 mm 2 ). Traditionally, MN formation has been investigated using microscopy [Prosser et al., 1988] . To speed up the process of analysis and increase sample size, traditional flow cytometry approaches were developed [Dertinger et al., 1996] , and shown to be in principle comparable to microscopic evaluation [Lukamowicz et al., 2011a] , especially when gating out apoptotic cells [Avlasevich et al., 2006] . This was shown with TK6 lymphoblastoid cells [Lukamowicz et al., 2011b ] also used in this work. Yet, the complexity of detecting specific DNA intensity and size in the right spot and cell population outlined in this work exemplifies why the preferred method was and is the microscopic evaluation [Kirsch-Volders et al., 2011] . Accordingly, efforts for automated image cytometric quantification were made using peripheral blood lymphocytes [Rodrigues et al., 2014] . Here, we extended on recent developments using a reliable lymphocyte cell line. Further, we specify conditions and analytical strategies to improve the speed and reliability of this assay for assessing the DNA damaging potential of physical plasmas during basic biomedical research There are different experimental methods available for assessing DNA damage in cell cultures in vitro. Next to the MN [Fenech, 2007] and hypoxanthine Environmental and Molecular Mutagenesis. DOI 10.1002/em phosphoribosyltransferase 1H (HPRT1) assay [Johnson, 2012] , fluorescence quantification of phosphorylated histone H2AX (gH2AX) is often used to assess genotoxic stress in plasma-treated cells. This marker was originally associated with DNA damage and DSBs [Whitaker et al., 1991] . An increase of gH2AX in plasma-treated cells was identified in vitro in primary tumor-derived melanoma cells [Sensenig et al., 2011] , metastatic melanoma cells [Arndt et al., 2013b] , squamous cell carcinoma [Chang et al., 2014] , colon cancer cells [Judee et al., 2016] , breast epithelial cells , glioblastoma [Kaushik et al., 2015] , immortalized fibroblasts [Kim et al., 2011b] , and colorectal carcinoma cells [Plewa et al., 2014] . Despite the importance of in vitro experiments, preclinical studies have failed to show an increase of gH2AX in ex vivo plasma-treated human skin [Isbary [Hasse et al., 2014] and porcine skin within reasonable plasma treatment times [Wu et al., 2013] . Moreover, recent work questions the unambiguous relationship between gH2AX and DNA damage [Rybak et al., 2016] . Contrasting previous assumptions [Paull et al., 2000] , gH2AX is dispensable for recruiting DNA damage repair proteins [Celeste et al., 2003 ].
Image Flow Cytometry MN Assay Results
The sequence of gating and masks (Figs. 3 and 4) was applied to all TK6 cell samples acquired to calculate the percentage of micronuclei (Fig. 5) . One-way analysis of variances with Dunnett post testing was calculated for all samples, and only the frequency of MN of positive control cells exposed to 10 Gray (Gy) of radiation was significantly increased (5-fold) compared with untreated control cells. Hence, we did not identify a significant increase in the incidence of micronuclei of TK6 cells exposed to plasma using 10 different feed gas compositions corresponding to distinct reactive species patterns in the gas phase.
Our results corroborate previous studies indicating an absence of mutants using the OECD-accredited HPRT1 assay with this plasma jet and plasma-treated solutions but not plasma-treated fetal calf serum [Boehm et al., 2016] . Using the same HRPT assay, a similar conclusion was drawn with a dielectric barrier discharge plasma source with atmospheric air as feeding gas [Boxhammer et al., 2013] . In addition, lack of micronuclei formation was seen in red blood cells of plasmatreated chicken embryos for the argon-feeded plasma jet used in this study [Kluge et al., 2016] . Laser-induced wounds in human volunteers who have received repetitive argon plasma jet treatment [Metelmann et al., 2012] healed without any signs of apparent or pathological malignancy as seen in a one-year follow up study [Metelmann et al., 2013] . In human volunteers, plasma treatment time was up to 30 sec/cm 2 of skin, which lies in the recommended range of 30-60 sec/cm 2 [Bekeschus et al., 2016b] . In these studies, treatment times were mostly similar or longer, suggesting its results to be of relevance for the field of biomedical plasma applications. Moreover, it needs to be considered that tissue contains much more cells and biomolecules absorbing the energy compared with only one million cells per sample used in this in vitro study. Hence, any effect seen in vitro would probably exaggerate the clinical impact by orders of magnitude. Yet, clinical plasma are usually applied repetitively, resulting in higher total exposure times. Testing for such conditions in vivo, mice with ear wounds treated for 14 consecutive days with this plasma jet did not display any sign of cancer formation or mutagenic action one year later [Schmidt et al., 2017c] . Contrasting our in vitro results, another study using a dielectric barrier discharge working in atmospheric air, strong micronuclei formation was observed in TG98 cancer cells [Kaushik et al., 2012] . However, the authors did not induce cytokinesis block as recommended for this assay ] and did not state how they have distinguished apoptotic cells and cell fragments from true micronuclei in microscopic images. . MN frequency in TK6 cells exposed to plasma with different feed gas conditions. TK6 cells were exposed to plasma and subjected to image flow cytometric MN-analysis 48 hr later. Different feed gas conditions were used for treatment. Gamma-irradiated (Gy) cells served as positive controls. Data are mean 1 SEM of two to three experiments. Statistical analysis was performed using one-way analysis of variances with Dunnett post-testing against the untreated control (*** P < 0.001).
Results from all plasma conditions differed non-significantly compared with untreated control.
Environmental and Molecular Mutagenesis. DOI 10.1002/em CONCLUSION A streamlined method assaying the frequency of micronuclei indicative for DNA damage in cells is presented and applied to different feed gas conditions with distinct ROS/RNS patterns of a cold physical plasma argon jet. None of the feed gas conditions increased micronuclei formation in plasma-treated cells. This procedure provides reliability and speed at which mutagenic risks cells exposed to plasma or other chemical or physical agents can be investigated to ensure safe biomedical applications in the future.
